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HIGHLIGHTS 


•  Multicomponent  TiAlSiN  hard  coating  is  deposited  on  316L  SS  as  bipolar  plates  for  PEMFC. 

•  Electrochemical  results  indicate  that  the  TiAlSiN  coating  has  excellent  corrosion  resistance  in  PEMFCs  environment. 

•  The  TiAlSiN  coating  satisfies  the  quality  requirement  for  BPs  (<0.01  Q  cm2). 

•  The  TiAlSiN  coating  should  be  more  conducting  in  cathode  side  of  a  PEMFC. 
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To  gain  high  hardness,  good  thermal  stability  and  corrosion  resistance,  multicomponent  TiAlSiN  coating 
has  been  developed  using  different  deposition  methods.  In  this  study,  the  influence  of  A1  and  Si  on  the 
electrochemical  properties  of  TiN-coated  316L  stainless  steel  as  bipolar  plate  (BP)  materials  has  been 
investigated  in  simulated  proton  exchange  membrane  fuel  cell  environment.  The  deposited  TiN,  TiAIN 
and  TiAlSiN  possess  high  hardness  of  23.9,  31.7,  35.0  GPa,  respectively.  The  coating  performance  of  the 
TiN  coating  is  enhanced  by  A1  and  Si  addition  due  to  lower  corrosion  current  density  and  higher  RCoating 
and  Rct  values.  This  result  could  be  attributed  to  the  formation  of  crystalline-refined  TiN(200),  which 
improves  the  surface  roughness,  surface  resistance,  corrosion  performance,  and  decreased  passive  cur¬ 
rent  density. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  membrane  fuel  cells  (PEMFCs)  can  be  used 
as  a  major  clean  power  source  in  the  near  future  due  to  their  high 
power  density  at  relatively  low  operating  temperatures  (<100  °C) 
[1,2  .  Moreover,  the  acceptable  cost  of  PEMFCs  is  a  significant  issue 
in  their  commercial  applications.  Among  the  PEMFC  components, 
the  bipolar  plates  maintain  a  pretty  large  proportion  of  the  volume, 
total  weight  and  cost  [3],  Therefore,  by  investigating  highly  con¬ 
ducting  BP  materials  both  weight  and  volume  reductions  will 
impact  directly  on  improving  the  power  density  and  reducing  the 
cost  of  PEMFCs.  Hermann  et  al.  have  suggested  the  criteria  and 
properties  for  BPs:  electrical  conductivity  —  plate  resistance 
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<0.01  0  cm2,  high  thermal  conductivity,  hydrogen/gas  permeability 
<10  4  cm3  s  1  cnrT2,  corrosion  resistance  —  corrosion  rate 
<0.016  mA  cm~2,  compressive  strength  >0.15  MPa  and  density 
<5  mg  cm~3  [4], 

The  materials  majorly  used  for  BPs  to-date  consist  of  non-metals 
(graphite  and  electrographite),  metals  (uncoated  and  coated)  and 
composites  (carbon-composite  and  metal-composite).  Graphite 
and  its  composites  have  been  used  as  BPs  with  a  high  chemical 
stability  and  low  surface  contact  resistance.  But,  they  have  high  gas 
permeability,  relatively  high  cost,  brittleness  and  low  power  den¬ 
sity  which  are  the  main  limitations  to  its  more  widespread  use  [5], 
Metallic  materials  such  as  stainless  steels  [6—9],  titanium  [6,10]  and 
nickel  [11,12]  have  been  chosen  as  BP  material  candidates  due  to  a 
set  of  properties  for  the  design  and  elaboration  of  compact,  light 
and  cheap  bipolar  plates.  However,  corrosion  damage  is  still  seen 
due  to  the  acidic  media  (pH  3—4)  and  temperature  conditions 
(around  80  °C).  It  is  also  involved  in  MEA  pollution  by  metal  cations 
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dissolution  during  corrosion  processes.  Among  the  metallic  can¬ 
didates  chosen  for  BP  materials,  stainless  steels  have  been 
tremendously  used  as  common  material  because  of  their  relatively 
high  chemical  stability,  high  strength,  low  corrosion  rate  and  low 
gas  permeability  [13],  However,  one  of  the  main  concerns  of 
stainless  steel  is  the  contact  resistance  of  the  surface  film  as  a  result 
of  power  loss  [6,14],  The  properties  of  stainless  steel  suitable  for  BPs 
in  PEMFCs  have  been  improved  by  surface  modification.  To  improve 
stainless  steel's  interfacial  contact  resistance  values,  various  coat¬ 
ings  were  applied  using  titanium  nitride  [15—19],  chromium  nitride 
[12,20—23],  chromium  and  titanium  nitride  multi  coating  24—28], 
and  conducting  polymer  [29—33], 

On  account  of  its  good  corrosion  resistance  for  PEMFC  applica¬ 
tion,  mechanical  properties  and  contact  resistance,  TiN  is  a  prom¬ 
ising  candidate  as  coating  material  [24—28].  TiN  hard  coatings 
obtained  by  magnetron  sputtering  physical  vapor  deposition  (PVD) 
method  have  been  used  for  increasing  the  corrosion  resistance  of 
the  substrate.  Nevertheless,  the  substrate  can  be  exposed  to 
aggressive  environments  due  to  the  presence  of  pores  and  pinholes 
on  the  surface  of  the  TiN  coating,  which  reduces  its  protective 
ability.  Recently,  multicomponent  TiAlSiN  hard  coating  provides 
the  benefit  of  individual  components  leading  to  a  further 
improvement  of  TiN  and  TiAIN  coating  properties  [34—37].  Multi- 
component  TiAlSiN  coating  has  a  small  amount  of  Si  consisting  of 
single  B1  cubic  phase  and  grain  refinement.  In  addition,  the  pores 
and  pinholes  could  be  removed  due  to  the  formation  of  nano¬ 
crystalline  TiAIN  and  amorphous  silicon  nitride.  Furthermore,  good 
thermal  stability,  hardness  and  oxidation  resistance  was  signifi¬ 
cantly  improved  due  to  the  Si-rich  oxides  acted  as  a  diffusion  bar¬ 
rier  for  further  oxidation  [38,39],  In  this  study,  therefore,  the  work 
focused  on  evaluating  the  electrochemical  behavior  of  TiN,  TiAIN 
and  TiAlSiN  coatings  prepared  by  cathodic  arc  plasma  system  as  a 
function  of  Al  and  Si  addition.  The  corrosion  resistance  of  these 
coatings  was  investigated  in  a  simulated  cathode  environment  of 
PEMFC  in  order  to  improve  the  protective  ability  and  obtain  basic 
information  for  the  development  of  TiAlSiN  coatings  as  BP  material 
candidates. 

2.  Experimental 

2.2.  Preparation  of  materials 

A  type  316L  (a  diameter  of  20  mm  and  a  thickness  of  3  mm) 
stainless  steel  substrate  was  used  for  the  coating  to  be  deposited. 
The  stainless  steel  compositions  were  checked  by  Optical  Emis¬ 
sion  Spectroscopy  and  results  obtained  are  as  follows:  0.02%  C, 
0.76%  Si,  1.66%  Mn,  17.16%  Cr,  2.2%  Mo,  10.81%  Ni,  0.41%  P,  0.025%  S, 
0.085%  N.  TiN,  TiAIN  and  TiAlSiN  coatings  were  deposited  on  316L 
SS  substrates  using  the  cathodic  arc  plasma  system.  Typically,  TiN, 
TiAIN  and  TiAlSiN  coatings  were  deposited  under  nitrogen  reac¬ 
tive  gas,  base  and  working  pressures  of  1.3  x  10-4  and  4  Pa, 
respectively.  High  purity  Ti  (99.9%),  Al  (99.8%),  AlSi  (88%  Al  and 
12%  Si)  were  used  as  cathode  targets.  A  bias  voltage  of  -150  V 
was  used  as  substrate  bias  voltage  at  300  °C  of  substrate  tem¬ 
perature.  55  A  for  Ti,  45  A  for  Al  and  AlSi  were  used  as  the  target 
currents.  4.55  rpm  and  280  mm  were  used  as  rotational  velocity 
of  substrate  and  cathode  and  substrate  distance.  An  approxi¬ 
mately  1.5  pm-thick  TiN,  TiAIN,  and  TiAlSiN  was  deposited  on  the 
316L  SS  substrate. 

The  coating  thicknesses  and  compositions  were  confirmed  us¬ 
ing  SEM/EDS  Supra  55  VP  and  electron  probe  micro-analyzer  (AFM) 
using  Bruker  Multimode  8.  The  crystal  structure  of  the  as-received 
specimens  was  examined  by  X-ray  diffraction  (XRD)  using  CuKa 
radiation.  XRD  data  was  measured  by  Model  D/MAX-RC  equipment. 
The  scan  range  of  the  2  theta  was  from  30°  to  90°.  In  addition,  the 


surface  resistance  was  also  measured  using  a  four-point  probe 
method  using  CM21205  (Chang  Min  Co.,  Ltd)  before  and  after 
potentiostatic  tests.  In  order  to  get  the  average  value,  at  least  three 
times  for  each  specimen  were  measured.  Hardness  of  the  coating 
were  obtained  using  XP-MTS  nano-indentation  with  a  Berkovich 
indenter,  under  load— unloading  condition,  and  measured  as  a 
function  of  indenter  displacement  using  continuous  stiffness 
measurement  method.  To  avoid  the  influence  of  substrate  on  the 
measured  hardness,  the  maximum  penetration  depth  was 
controlled  at  250  nm. 

2.2.  Electrochemical  tests 

All  experiments  were  performed  at  70  °C  in  a  1  M 
H2SO4  +  2  ppm  F-  with  pressurized  air  purging  at  a  flow  rate  of 
1.0  dm3  min-1.  The  exposed  coating  area  was  lxl  cm2.  The  elec¬ 
trochemical  polarization  tests  were  performed  using  a  VSP  system 
(BioLogic  Scientific  Instruments).  Saturated  calomel  and  pure 
graphite  were  used  for  the  reference  and  counter  electrodes, 
respectively.  Prior  to  the  potentiodynamic  polarization  test,  the 
samples  were  kept  in  the  solution  for  3  h  to  establish  the  open- 
circuit  potential.  The  potential  of  the  electrodes  was  swept  from 
an  initial  potential  of  -250  mV  vs.  corrosion  potential  (£Corr)  to  a 
final  potential  of  1000  mVscE  at  a  rate  0.166  mV  s  '.  Electrochemical 


(a) 


TiAIN 

3 16L  SS 

3  (Lilli 

(b) 


TiAlSiN 

316LSS 

3  ,11111 

(c) 

Fig.  1.  Cross  section  of  (a)  TiN,  (b)  TiAIN  and  (c)  TiAlSiN  coatings. 
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Table  1 

Chemical  composition  (at.%)  of  coatings. 


Specimen 

Ti 

Al 

Si 

N 

TiN 

50.31 

— 

— 

49.69 

TiAIN 

26.90 

25.89 

- 

47.21 

TiAlSiN 

25.17 

19.01 

2.81 

53.01 

impedance  spectroscopy  (EIS)  tests  were  conducted  using  a  VPS 
system  with  a  commercial  software  program  for  the  AC  measure¬ 
ments.  A  peak  to  peak  amplitude  of  the  sinusoidal  perturbation 
signals  of  10  mV  was  used.  The  frequency  ranged  from  100  kHz  to 
10  mHz.  The  model  VSP  system  of  BioLogic  scientific  instruments 
was  also  used  to  apply  +600  mVscE  to  simulate  the  cathodic 
environment  of  a  PEMFC. 


3.  Results  and  discussion 

3.1.  Structure  and  composition 

Fig.  1  shows  the  cross  section  images  of  the  TiN,  TiAIN  and 
TiAlSiN-coated  316L  SS.  It  indicates  that  all  coating  thicknesses 
were  approximate  1.5  pm  and  also  compared  with  Alpha-Step 
method.  In  addition,  the  chemical  compositions  of  the  deposited 
TiN,  TiAIN  and  TiAlSiN  coating  are  presented  in  Table  1.  The  ni¬ 
trogen  content  of  all  the  deposited  coatings  was  47.21  at.%  — 
53.01  at.%.  The  TiAlSiN  quaternary  alloy  coating  Ti/(Ti  +  Al  +  Si) 
ratios  being  0.53  were  deposited  to  obtain  optimal  mechanical 
properties  [40—43],  Fig.  2  shows  the  coating  surface  roughness  of 
the  as-deposited  specimens.  Coating  roughness  (Rrms)  values  of 

9.2,  5.7  and  4.5  nm  were  determined  for  TiN,  TiAIN  and  TiAlSiN  by 
AFM,  respectively.  This  indicates  that  the  difference  in  surface 
roughness  was  small  and  the  coating  surface  roughness  of  the  TiN 
films  decreased  with  the  Al  and  Si  incorporation.  The  nano¬ 
composite  microstructure  could  be  demonstrated  by  the  forma¬ 
tion  of  a  face-centered  cubic  (Ti,Al)N  phase,  obtained  by 
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Fig.  2.  AFM  images  showing  the  uniformity  of  (a)  TiN  (9.15),  (b)  TiAIN  (5.67)  and  (c)  Fig.  3.  XRD  patterns  of  the  TiN,  TiAIN  and  TiAlSiN  coatings:  (a)  full  scan  and  (b) 
TiAlSiN  coatings  (4.5  pm).  TiN(200)  narrow  scan. 
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substitution  of  Al  in  the  cubic  titanium  nitride  phase,  and  an 
amorphous  matrix  at  the  column  boundary  regions  mainly 
composed  of  Si  and  N  [40,44,45].  Therefore,  a  smoother  surface  is 
observed. 

Fig.  3  shows  the  XRD  patterns  of  316L  SS,  TiN,  TiAIN  and 
TiAlSiN  coatings,  respectively.  The  TiN  film  showed  multiple  ori¬ 
entations  of  (111),  (200)  and  (222)  crystal  planes  appeared  and  the 
strongest  orientation  was  TiN(lll)  plane.  As  Al  and  Si  were 
incorporated  into  TiN  film,  a  strong  preferred  orientation  of  the 
(200)  crystal  plane  was  obtained  and  highest  (200)  peak  was 
observed  in  the  TiAlSiN  coating.  That  means  that  TiAlSiN  coating 
has  a  preferred  (200)  orientation  as  compared  to  TiN  and  TiAIN 
coatings.  Thus,  Containing  Si  into  the  coatings  facilitated  (200) 
growth  orientation.  It  could  be  related  to  the  diminution  of  the 
grain  size  and/or  the  residual  stress  induced  in  the  crystal  lattice 
[46],  This  result  corresponds  to  the  results  of  AFM  and  indicates 
that  more  high-quality  TiN  films  may  be  deposited  using  Al  and  Si 
incorporation.  In  addition,  the  hard  coating  layer  formed  on  the 
stainless  steel  surface  increased  the  hardness.  In  particular,  TiAlSiN 
film  showed  considerable  enhanced  hardness  which  can  be 
attributed  to  the  crystal  size  refinement  due  to  the  incorporation 
of  Si  in  accordance  with  the  Hall— Petch  relationship  [47,48],  Even 
though  the  incorporation  of  Al  was  also  expected  to  increase  the 
hardness  on  the  basis  of  the  Hall— Petch  effect,  the  result  of  TiAIN 
film  was  slightly  lower  than  that  of  TiN  film  presumably  due  to  the 
localized  formation  of  soft  wurtzeit-like  hexagonal  AIN  structures. 
The  nanocomposite  microstructure  could  be  formed  at  the  column 
boundary  regions  mainly  composed  of  Si  and  N  and  decrease  the 
mobility  of  dislocations.  Furthermore,  Carvalho  et  al.  [34],  Zhang 
and  Ali  [35],  Rafaja  et  al.  [36],  Holubar  et  al.  [37]  also  reported  that 
the  multicomponent  TiAlSiN  hard  coating  exhibited  nano- 
structured  composite  microstructures  including  solid-solution  (Ti, 
Al,  Si)N  crystallites  and  amorphous  Si3N4.  The  Si  addition  resulted 
in  the  grain  refinement  of  (Ti,  Al,  Si)N  crystallites  and  its  uniform 
distribution  with  percolation  phenomenon  of  amorphous  silicon 
nitride.  Thus,  an  increase  in  coating  hardness  has  been  obtained 
(see  Fig.  4). 

Fig.  5  shows  the  surface  resistance  of  the  TiN,  TiAIN  and  TiAlSiN 
coatings.  There  was  a  transition  from  a  higher  surface  resistance  to 
a  lower  value  after  the  application  of  potential,  which  indicates  an 
improved  electric  conductivity  at  +600  mVscE  application.  The  TiN, 
TiAIN  and  TiAlSiN  coatings  clearly  showed  good  electrical  con¬ 
ductivity  for  cathode  BP  application.  All  the  coatings  demonstrated 
low  electrical  resistance  and  satisfied  the  quality  requirement  for 
BPs  (<0.01  O  cm2  [4]). 
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Fig.  4.  Coating  hardness  of  the  deposited  TiN,  TiAIN  and  TiAlSiN  coatings. 


3.2.  Corrosion  resistance 

Fig.  6(a)  shows  the  potentiodynamic  polarization  curves  of  un¬ 
coated  and  TiN,  TiAIN  and  TiAlSiN-coated  316L  stainless  steel 
specimens.  The  multicomponent  hard  coatings  increased  the 
corrosion  resistance  with  low  corrosion  current  densities  ranging 
from  0.5  to  1.8  |iA  cnrr2.  The  current  densities  were  lower  than  that 


(a) 


(b) 


Fig.  6.  (a)  Polarization  curves  of  TiN,  TiAIN  and  TiAlSiN-coated  316L  stainless  steel  and 
(b)  comparison  of  protective  efficiency  of  the  coatings. 
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Table  2 

Corrosion  properties  obtained  from  the  polarization  curves. 


Specimen 

£corr  (mVscE) 

icon  (pA  cm  2) 

/ 3a  (mV  decade  1 

)  (3C  (mV  decade  1) 

316L  SS 

278 

6.3 

190 

177 

TiN 

63 

1.8 

170 

49 

TiAIN 

164 

0.7 

154 

87 

TiAlSiN 

140 

0.5 

141 

76 

of  the  substrate,  where  a  passivation  region  had  formed.  There  was 
no  pitting  observed  up  to  1000  mVscE-  The  rapid  increase  in  current 
density  at  approximately  +900  mVscE  was  attributed  to  the  anodic 
current  density  associated  with  oxygen  evolution  due  to  water 
dissociation  [20,33],  However,  all  the  multicomponent  hard  coating 
specimens  and  316L  SS  had  a  passivation  range  for  a  cathodic 
working  potential  of  +600  mVscE  at  a  very  low  current  density. 
Table  2  shows  the  corrosion  properties  of  the  316L  SS  substrate  and 
multicomponent  hard  coatings  as  a  function  of  the  Al  and  Si 
addition  obtained  from  the  polarization  test.  The  protective  effi¬ 
ciency  (Pj)  of  the  coatings  was  determined  using  the  following 
equation  [49]: 

P,  =  100x(l-^)  (1) 

V  'corr/ 

where  iCOrr  and  i°orT  are  the  corrosion  current  densities  in  the 
presence  and  absence  of  a  coating,  respectively.  The  electro¬ 
chemical  characteristics  of  the  multicomponent  hard  coatings 
showed  better  coating  performance  with  a  lower  passive  current 
density  in  comparison  with  316L  SS  substrate.  Fig.  6(b)  shows  that 
the  protective  efficiency  of  the  coatings  was  quite  high  and 
increased  when  Al  and  Si  added  to  TiN  film,  with  the  highest  pro¬ 
tective  efficiency  of  95%  being  achieved  in  case  of  multicomponent 
hard  TiAlSiN  coating. 

Under  real  PEMFC  working  conditions,  the  cathode  works  at  a 
potential  of  approximately  +600  mVscE-  Therefore,  the  corrosion 
behavior  of  metallic  bipolar  plates  under  real  PEMFC  conditions 
was  examined  by  carrying  out  the  potentiostatic  tests 
at  +600  mVscE  purged  with  02.  Fig.  7  shows  the  potentiostatic 
measurements  at  +600  mVscE  in  1  M  H2SO4  +  2  ppm  F~  (70  °C) 
purged  with  air.  After  the  specimen  reached  a  stable  OCP,  a  po¬ 
tential  was  applied  and  the  current  density  was  recorded  for  168  h. 
The  current  densities  of  the  multicomponent  hard  coating  speci¬ 
mens  remained  at  a  very  small  values  compared  with  the  substrate. 
This  suggests  that  the  coatings  protected  the  316L  SS  from  pitting 


Fig.  7.  Current  density  as  a  function  of  time  in  the  simulated  cathodic  PEMFC  envi¬ 
ronment  under  a  constant  applied  potential  of  +600  mVScE- 


(a) 


(b) 

Fig.  8.  Impedance  spectra  of  the  coating  in  (a)  the  Nyquist  and  (b)  Bode  plots. 

corrosion.  This  means  the  coatings  can  effectively  inhibit  the  in¬ 
ward  penetration  of  F_.  The  observed  decrease  in  current  density 
with  Al  and  Si  additions  was  due  to  the  increased  film  stability, 
resulting  in  a  high  corrosion  performance  of  the  coatings.  The 
potentiostatic  test  results  confirmed  the  decrease  in  current  den¬ 
sity,  which  is  in  agreement  with  the  polarization  test  results. 

Fig.  8  shows  the  EIS  results  of  the  coating  in  the  Nyquist  and 
Bode  plots.  The  impedance  diagrams  of  the  PANi-coated  stainless 
steel  showed  much  larger  impedance  than  the  bare  316L  stainless 
steel  as  shown  in  Fig.  8(a).  Fig.  8(b)  shows  Bode  plots  (impedance 
and  phase  angle  vs.  frequency)  of  the  electrode  for  both  the  316L  SS 
substrate  and  the  coatings  after  24  h  of  +600  mVscE  application. 


Fig.  9.  Equivalent  circuit  for  fitting  the  electrochemical  impedance  spectroscopy  data. 
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Table  3 

Fitted  results  of  electrochemical  impedance  measurements  (in  case  of  316L  SS 
substrate,  Rcoating  = 


Specimen 

Rs 

(Q  cm2) 

CPE1 

^coating 

(Q  cm2) 

CPE2 

Rct 

(Q  cm2) 

Qroating 

(pF  cm-2) 

n 

(0  ~  1) 

Cdi 

(|iF  crrr2) 

n 

(0~1) 

316L  SS 

1.2 

104.0 

0.8009 

0.04E4 

132.0 

0.7558 

2.31  E4 

TiN 

1.8 

0.9 

0.9256 

1.1 0E4 

124.5 

0.7964 

1.13E5 

TiAlN 

1.7 

0.5 

0.9848 

4.22E4 

113.3 

0.8296 

4.67E5 

TiAlSiN 

1.8 

0.2 

0.9876 

8.74E4 

10.2 

0.8913 

7.30E5 

The  high  frequency  spectra  shows  the  local  surface  defects,  the 
medium  frequency  spectra  are  related  to  the  processes  within  the 
coating,  and  the  low  frequency  spectra  indicate  the  processes  at  the 
metal/coating  interface.  The  data  typically  showed  a  two-phase 
constant.  Fig.  9  shows  the  corresponding  equivalent  circuit, 
where  Rs  represents  the  solution  resistance  between  the  reference 
and  working  electrodes,  CPE1  denotes  the  constant  phase  element 
of  the  coating,  Rc oat  is  the  coating  resistance,  Rct  is  the  charge 
transfer  resistance,  and  CPE2  is  the  constant  phase  element  of  the 
double  layer.  Rs  measured  at  the  high  frequency  region  can  be 
subtracted  from  the  sum  of  Rp  ( Rp  =  Rpoie  +  Rct)  and  Rs  at  the  low 
frequency  region  to  obtain  the  compensated  Rc t  value  that  is  free  of 
ohmic  interference  [50,51],  The  coatings  exhibited  a  high  coating 
and  charge  transfer  resistance,  indicating  a  low  corrosion  rate,  as 
shown  in  Table  3.  The  charge  transfer  resistance  increased  when  Al 
and  Si  added  to  TiN  coating.  Overall,  multicomponent  hard  coating 
TiAlSiN  provides  the  best  protection  by  improving  the  corrosion 
resistance  of  TiN  coating  and  316L  SS  substrate  under  simulated 
cathodic  condition  of  PEMFC.  It  is  related  to  the  multicomponent 
hard  coating  controlled  by  interaction  of  the  Al  and  Si  with  the  TiN 
coating  as  a  result  of  the  corrosion  barrier  layer. 

4.  Conclusion 

The  TiAlSiN  film  deposited  shows  the  strongest  crystalline- 
refined  TiN(200),  highest  hardness,  and  the  improved  surfaces 
roughness  comparison  with  TiN  and  TiAlN.  It  could  be  attributed, 
on  the  basis  of  the  Hall— Petch  relationship,  to  the  crystal  size 
refinement  due  to  the  incorporation  of  Al  and  Si  in  TiN  coating.  The 
TiN,  TiAlN  and  TiAlSiN  coatings  satisfied  the  quality  requirement 
for  BPs  (<0.01  0  cm2)  and  should  be  more  conducting  in  acidic 
environments,  particularly  in  the  cathode  side  of  a  PEMFC  due  to 
the  decreased  surface  resistance  after  the  potential  loads.  All  of  the 
coatings  developed  a  passive  film  with  a  low  passive  current  den¬ 
sity.  The  protective  efficiency  was  increased  by  the  incorporation  of 
Al  and  Si  in  TiN  coating,  indicating  the  improved  corrosion  resis¬ 
tance.  The  TiAlSiN-coated  316L  SS  exhibited  a  better  corrosion 
resistance,  coating  performance,  electrical  resistance  and  conduc¬ 
tivity  on  the  cathode  side  of  a  PEMFC,  in  comparison  with  TiN, 
TiAlN-coated  316L  SS  and  316L  SS  substrate. 
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